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High‐valent metal‐oxo compounds are important because of their biological significance,[1](#open201600117-bib-0001){ref-type="ref"} use as oxidation catalysts,[2](#open201600117-bib-0002){ref-type="ref"} and role in synthetic organic reactions.[3](#open201600117-bib-0003){ref-type="ref"} In many biological reactions, valence tautomers play an important role in tuning activity.[4](#open201600117-bib-0004){ref-type="ref"} Species known to exhibit this behavior include catalases,[5](#open201600117-bib-0005){ref-type="ref"} cytochrome P450,[2a](#open201600117-bib-0002a){ref-type="ref"}, [6](#open201600117-bib-0006){ref-type="ref"} and peroxidases.[7](#open201600117-bib-0007){ref-type="ref"} Cytochrome P450 enzymes are ubiquitous in plants, bacteria, insects, and mammals, with 57 so far identified in the human genome.[6b](#open201600117-bib-0006b){ref-type="ref"}, [8](#open201600117-bib-0008){ref-type="ref"} In substrate oxidation with cytochrome P450, the active species has been shown to be compound I, the valence tautomer of iron(V) oxo.[6c](#open201600117-bib-0006c){ref-type="ref"} Catalase has been shown to exhibit valence tautomerism with the addition of a stoichiometric amount of an oxidant in bovine liver catalase,[5a](#open201600117-bib-0005a){ref-type="ref"} *Micrococus lysodeikticus* catalase[5b](#open201600117-bib-0005b){ref-type="ref"} and *Proteas mirabilis* catalase.[5a](#open201600117-bib-0005a){ref-type="ref"}, [5c](#open201600117-bib-0005c){ref-type="ref"} Likewise, manganese‐mediated water oxidation involves a valence tautomer formed through the coordination of Ca^2+^ to the manganese‐oxo ligand.[9](#open201600117-bib-0009){ref-type="ref"} These discoveries have led to an increased interest in valence tautomerism and the influence of Lewis acids on the reactivity of high‐valent metal‐oxo complexes.[10](#open201600117-bib-0010){ref-type="ref"}

Valence tautomerism has been seen in porphyrin,[11](#open201600117-bib-0011){ref-type="ref"} corrolazine,[12](#open201600117-bib-0012){ref-type="ref"} and corrole[13](#open201600117-bib-0013){ref-type="ref"} species. These complexes can be distinguished from other high‐valent metal‐oxo porphyrinoid compounds through the presence of a transition in the visible \>600 nm region, owing to the π‐radical of the porphyrinoid ring. Goldberg and co‐workers have shown interesting reactivity for these valence tautomers in corrolazines.[14](#open201600117-bib-0014){ref-type="ref"} They have illustrated differences in oxygen atom transfer (OAT) spanning three orders of magnitude, which is a 1000‐fold rate enhancement.[14b](#open201600117-bib-0014b){ref-type="ref"} Herein, we report the preparation of valence tautomers of manganese(V)‐oxo corrole with various Lewis acids: Sc^III^, Yb^III^, Zn^II^, Ca^II^, B(C~6~F~5~)~3~, and TFA. We have also investigated and quantified their ability to undergo hydrogen atom transfer (HAT) with 2,4‐ditertiarybutyl phenol (2,4‐DTBP).

Recently, we showed that manganese‐oxo corrole **1** is capable of undergoing valence tautomerization with a Brønsted acid (TFA) to form complex **2**.[15](#open201600117-bib-0015){ref-type="ref"} The valence tautomerization showed an increase in the rate of electron transfer (ET) but a decrease in OAT capability, and no change in HAT. Following this observation, we investigated Zn^II^, Sc^III^, Yb^III^, Ca^II^, and B(C~6~F~5~)~3~ to form a variety of different valence tautomers (Scheme [1](#open201600117-fig-5001){ref-type="fig"}). Reaction of these Lewis acids with Mn^V^(O) corrole complex **1** led to isosbestic conversion to \[(tpfc^⋅^)Mn^IV^(O‐LA)\]^n+^ (**3**--**7**, where *n*=0, 2, or 3). The valence tautomers gave different UV/Vis spectra, where the transition for the π‐radical corrole shifted depending on the Lewis acid (Figures S4--S9). The effect of the Lewis acid on the exact electronic structure of the resulting valence tautomers is beyond the scope of this report and merits an independent future investigation. The rates of formation of **2**--**7** also varied over a wide range, with second‐order rate constants *k* ~1~ ^LA^=10^−2^--10^3^  [m]{.smallcaps} ^−1^ s^−1^. Rates of reaction were monitored under pseudo‐first‐order conditions by following the disappearance of **1** at 345 nm, which, in all cases, produced clean isosbestic conversion, indicating no accumulation of an intermediate. The data (UV/Vis spectra and kinetic dependencies) for Zn(OTf)~2~ (OTf=trifluoromethanesulfonate) is presented in Figure [1](#open201600117-fig-0001){ref-type="fig"}. The final spectrum for each reaction is consistent with that of a π‐radical corrole species.[13](#open201600117-bib-0013){ref-type="ref"} The second‐order rate constants for the different Lewis acids are given in Table [1](#open201600117-tbl-0001){ref-type="table-wrap"}.

![Valence tautomerization of manganese(V)‐oxo corrole induced by various Lewis acids.](OPEN-5-522-g003){#open201600117-fig-5001}

![Reaction of 223 μ[m]{.smallcaps} Zn(OTf)~2~ and 22.3 μ[m]{.smallcaps} (tpfc)Mn^V^(O). a) Time‐resolved UV/Vis spectral changes, measured every 60 s. Inset: changes in absorbance at 345 nm versus time for the disappearance of (tpfc)Mn^V^(O) (points are data and the dashed line best fit was obtained by using first‐order rate law). b) Plot of the observed pseudo‐first‐order rate constants (*k* ~obs~) versus \[Zn(OTf)~2~\]. Slope=*k* ~1~ ^Zn^=4.2±0.1 [m]{.smallcaps} ^−1^ s^−1^.](OPEN-5-522-g001){#open201600117-fig-0001}

###### 

Rate constants for the various Lewis acid valence tautomers.

  Species^\[a\]^                             Tautomer formation *k* ~1~ ^LA^ \[[m]{.smallcaps} ^−1^ s^−1^\]^\[b\]^   HAT *k* ~2~ ^LA^ \[[m]{.smallcaps} ^−1^ s^−1^\]   Ionic radius \[Å\]^\[c\]^
  ------------------------------------------ ----------------------------------------------------------------------- ------------------------------------------------- ---------------------------
  (tpfc)Mn^V^(O) (**1**)                     na                                                                      45±0.3                                             
  \[(tpfc^⋅^)Mn^IV^(OH)\]^+^ (**2**)         2300±70                                                                 32.6±0.5                                           
  \[(tpfc^⋅^)Mn^IV^(O−Zn)\]^2+^ (**3**)      4.2±0.1                                                                 943±26                                            0.74
  \[(tpfc^⋅^)Mn^IV^(O−Sc)\]^3+^ (**4**)      3400±100                                                                27.3±0.7                                          0.75
  \[(tpfc^⋅^)Mn^IV^(O−Yb)\]^3+^ (**5**)      1064±14                                                                 42±2                                              0.87
  \[(tpfc^⋅^)Mn^IV^(O−Ca)\]^2+^ (**6**)      (3.56±0.02)×10^−2^                                                      1386±5                                            1.00
  (tpfc^⋅^)Mn^IV^(O−B(C~6~F~5~)~3~ (**7**)   650±10                                                                  271±6                                              

\[a\] Species **2**--**7** were made from the reaction of **1** with the corresponding Lewis acid. \[b\] Rate of formation represents the rate of the reaction for **1**+Lewis acid, corresponding to the species being made. \[c\] Coordination number (*CN*)=6.
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Sc(OTf)~3~ and TFA gave the fastest rates of tautomer formation of 3.4×10^3^ and 2.3×10^3^  [m]{.smallcaps} ^−1^ s^−1^, respectively. Ca(OTf)~2~ gave the slowest rate of tautomerization at *k* ~1~ ^Ca^=3.6×10^−2^  [m]{.smallcaps} ^−1^ s^−1^ followed by Zn(OTf)~2~ at *k* ~1~ ^Zn^=4.2 [m]{.smallcaps} ^−1^ s^−1^. B(C~6~F~5~)~3~ and Yb(OTf)~3~ fell in between the bookends with rate constants of *k* ~1~ ^BAr3^=650 and *k* ~1~ ^Yb^=1064 [m]{.smallcaps} ^−1^ s^−1^, respectively. Differences in size (sterics) and charge (electronics) appear to contribute to the rates of valence tautomers formation. The ionic radius of Yb is larger than that of Sc, and this appears to influence the rate constant *k* ~1~ ^LA^ by a discernable amount (i.e. a factor of 3). However, the effect of size is not as significant as that of charge when comparing Zn^2+^ and Sc^3+^ (Table [1](#open201600117-tbl-0001){ref-type="table-wrap"}). Both are nearly identical in size (ionic radii), but the difference in charge/electronics translates to a 810‐fold difference in rate constants, that is, nearly three orders of magnitude. On the other hand, Ca^2+^ is larger than Zn^2+^ and, indeed, their respective rate constants for tautomer formation span two orders of magnitude. This large difference could be attributed to a combination of size and electronics, given that calcium is a main‐group element. Similarly, B(C~6~F~5~)~3~ is not charged and bulky if the aromatic groups come into play; however, the strong B−O bond (electronics) in the valence tautomer potentially compensates for it, giving a rate constant that falls between Zn and Sc.

The valence tautomers \[(tpfc^⋅^)Mn^IV^(O−LA)\]^*n*+^ (**3**--**7**) can be generated through the reaction of 1 equivalent of the Lewis acid with (tpfc)Mn^V^(O) (**1**) in CH~3~CN. Subsequently, the resulting valence tautomer is reacted with 2,4‐DTBP to give (tpfc)Mn^III^ and the coupled phenol dimer through HAT. Figure [2](#open201600117-fig-0002){ref-type="fig"} illustrates this reaction alongside spectral changes and kinetic data for Zn. The EPR spectrum in parallel mode of the Mn corrole product is consistent with Mn^III^ *S*=2 (Figure S3). Spectral changes for the HAT reactions showed isosbestic points, indicating no accumulation of an intermediate. The kinetics under pseudo‐first‐order conditions were first order in Mn and first order in 2,4‐DTBP. Second‐order rate constants for HAT *k* ~2~ ^LA^ were obtained from the slopes of *k* ~obs~ versus \[2,4‐DTBP\] (Figure [2](#open201600117-fig-0002){ref-type="fig"} b for Zn; see the Supporting Information for other Lewis acids); details are given in Table [1](#open201600117-tbl-0001){ref-type="table-wrap"}.

![Plots corresponding to a HAT of 23.9 μ[m]{.smallcaps} \[(tpfc^⋅^)Mn^IV^(O−Zn)\]^2+^ with 956 μ[m]{.smallcaps} 2,4‐DTBP. a) Time‐resolved UV/Vis spectra of the reaction at 25 °C, measured every 19 s. Inset: Change in absorbance at 496 nm versus time, corresponding to the formation of (tpfc)Mn^III^ (point) and the best fit refers to the first‐order rate law equation (dashed line). c) Plot of *k* ~obs~ versus \[2,4‐DTBP\]. Slope=*k* ~2~ ^Zn^=943±26 [m]{.smallcaps} ^−1^ s^−1^.](OPEN-5-522-g002){#open201600117-fig-0002}

Although the valence tautomer resulting from TFA gave a *k* ~2~ ^TFA^ value for HAT of 33 [m]{.smallcaps} ^−1^ s^−1^, which is slightly slower than that observed for **1**, the valence tautomer resulting from Zn(OTf)~2~ showed a 21‐fold acceleration, with *k* ~2~ ^Zn^=943 [m]{.smallcaps} ^−1^ s^−1^. The biggest enhancement was observed for the Ca complex **6** (*k* ~2~ ^Ca^=1386 [m]{.smallcaps} ^−1^ s^−1^). It is interesting to note that the trend for HAT is essentially the reverse of that observed for the kinetics of tautomer formation. The Ca tautomer, being the slowest to form, was found to be most reactive towards HAT. Sc and Yb, similar to TFA, showed fast kinetics of formation, yet their HAT rate constants were quite comparable to the manganese(V)‐oxo complex **1**. Factors that influence HAT are not evident from the available data so far; there is no trend that can be discerned with respect to electronics or sterics. The borane Lewis acid, B(C~6~F~5~)~3~, falls in the middle again between the bookends, as it did for the kinetics of tautomer formation. These results highlight the importance of the Lewis acid in activating the oxo complex and that the rates of HAT are sensitive to the nature of the Lewis acid, spanning almost two orders of magnitude in reaction rate constants. Furthermore, it is worthy to note that calcium provided superior activity in activating/enhancing the redox activity of manganese(V)‐oxo, as exemplified by this HAT reaction. Calcium is involved in the oxygen evolving complex (OEC) and could be playing a similar role in kinetically enhancing the redox activity of the manganese‐oxo in the cubane cluster.

In conclusion, we have demonstrated that high‐valent manganese(V)‐oxo corrole complex **1** undergoes valence tautomerization with a variety of different Lewis acids. The rate at which these valence tautomers are formed varies over five orders of magnitude. Although sterics might play a part, electronic factors appear to be the primary influencer. Valence tautomers of Zn and Ca enhance the rate of HAT to the manganese(V)‐oxo by 21 and 33 times that for complex **1**, respectively. The trend for HAT is inversely correlated to the tautomer formation rate constants. The superior kinetics of the Ca tautomer is consistent with nature\'s choice in using Ca in the OEC. The identity of the Lewis acid plays an important role in the redox kinetics of the manganese(V)‐oxo compound.
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